The transport of neutral amino acids into mitochondria isolated from the hypocotyl of mung bean (Roxb.) was studied by the swelling technique. Isolated mitochondria sweled when added to an isosmotic solution of proline, serine, methionine, threonine, alanine, and glycine. The swelling was stereospecific in that it was faster in the L-amino acid than in the corresponding D-amino acid. Preincubation of the mitochondria with the sulfhydryl modifying reagents,p-mercuribenzoate and mersalyl, resulted in an inhibition of the swelling caused by proline, serine, threonine, and glycine. The sweling induced by alanine was inhibited only by mersalyl, whereas that by methionine was inhibited only byp-mercuribenzoate. In all cases, the inhibition caused by the sulfhydryl modifying reagents was readily reversible by the subsequent treatment of the mitochondria with dithiothreitol. N-Ethylmaleimide, another sulfhydryl-modifying reagent, did not cause any inhibition of the swelling. The findings indicate the existence of a protein mediated mechanism for the transport of neutral amino acids into plant mitochondria.
In plant cells, numerous metabolic events involving the reactions of neutral amino acids occur inside the mitochondria. The interconversion of serine to glycine and a one-carbon fragment in the mitochondria is well-documented (6, 16, 20) . Since the mitochondria contain several aminotransferases specific for some neutral amino acids (25) , the interconversion of these amino acids with their corresponding keto acids should occur inside the organelles. In addition, there are two major metabolic events involving mitochondrial metabolism of neutral amino acids that are unique to higher plants. One of them is the operation of the glycolate pathway in leaves during photorespiration (16, 24) . In this pathway, glycine formed in the leaf peroxisomes enters the mitochondria and is oxidized to form C02, NH3, and a one-carbon fragment which will join with another glycine to form a serine; serine subsequently leaves the mitochondria to be converted to sugar eventually. The other metabolic event is proline metabolism in connection with the accumulation of proline under environmental stresses (2, 4, 14, 23) . Although the detailed mechanism of proline metabolism is still unclear, it is known that the enzymes of proline catabolism are localized in the mitochondria, whereas the anabolic enzymes are present in the cytosol (1, 2, 15, 23 Currently, the mechanism of passage of neutral amino acids through the membrane of plant mitochondria is unknown. These amino acids are assumed to enter the mitochondria by a passive diffusion (26) . It has been proposed that glycine enters the spinach leaf mitochondria via a carrier protein (9 520 nm. In the study of the inhibitor effect on transport, 1 ml of the mitochondrial suspension (10 mg protein) was preincubated at 0 to 4 C for 10 min with 1 ml medium containing 0.1 M Tris-HCI buffer (pH 7.2), 0.25 M sucrose, and the inhibitor at a concentration as specified. After incubation, mitochondrial swelling was assayed by transferring the incubation mixture containing the mitochondria (1 mg in a volume of 200 gIl) to the swelling mixture as described above.
RESULTS
The mitochondria used in the present experiments, with characteristic integrity and normal functioning (10, 11, 19) , were prepared by the method of Day and Hanson (8) . They exhibited respiratory control ratios of 2.8 to 3.7 for succinate and 3.1 to 4.5 for NADH. ADP/O ratios of 1.4 to 1.6 for succinate and 1.3 to 1.8 for NADH were found. After disruption of the intact mitochondria with 0.5% Triton X-100, succinate-Cyt c reductase activity increased from 12.0 to 95.0 nmol Cyt c/min-mg protein, and malate dehydrogenase activity increased from 0.4 to 2.1 ,umol/min. mg protein. These increases in activity with ruptured mitochondria presumably reflect the impermeability of the mitochondrial membrane to Cyt c/succinate and NADH/oxaloacetate, respectively.
Mitochondrial uptake of neutral amino acids was studied by the osmotic swelling technique (5). The mitochondria swelled in isosmotic solutions of neutral amino acids but not of sucrose. The kinetics of swelling in solutions of proline and serine are shown in Figure 1 . The rate of swelling was higher in the L-stereoisomer than in the D-stereoisomer, the ratio of swelling in D-stereoisomer to that in L-stereoisomer being 87% for proline and 60%1o for serine. Other neutral amino acids, including alanine, methionine, and threonine, exhibited similar swelling and stereospecificity, although to a lesser extent (Table I) one stereoisomeric form, also caused a similar swelling. Neutral amino acid-induced mitochondrial swelling was inhibited by preincubation of the mitochondria with the sulfhydrylmodifying reagent, p-mercuribenzoate. p-Mercuribenzoate, at a concentration of 50 AM, caused the greatest inhibition of mitochondrial swelling in proline, serine (Fig. 2) , and other neutral amino acids. At concentrations greater than 250 Am, p-mercuribenzoate caused mitochondrial swelling in excess of that in the absence of inhibitor, presumably due to damage done to the organelles (22) . Incubation of the mitochondria with optimal concentrations ofp-mercuribenzoate (50 ltM) resulted in 30 to 40o inhibition of the swelling induced by proline, serine, threonine, and glycine (Table I) . p-Mercuribenzoate, at the same concentration, inhibited only 13% of the mitochondrial swelling induced by methionine and had little effect on that induced by alanine.
Mersalyl, another sulfhydryl-modifying reagent, also inhibited the mitochondrial swelling induced by neutral amino acids ( Table  I ). The optimal concentration of mersalyl causing maximal inhibition of swelling induced by each neutral amino acid was 200
Am. Optimal inhibition of swelling occurred after a 10-min preincubation ofthe mitochondria with mersalyl (Fig. 3) . The inhibition caused by mersalyl orp-mercuribenzoate could be reversed by the subsequent addition of DTT to the incubation medium prior to CAVALIERI AND HUANG the swelling assay (Fig. 4) . At optimal concentration, the inhibition by mersalyl was higher than that by p-mercuribenzoate (Figs. 5 and 6; Table I ). In a manner similar to that ofp-mercuribenzoate, mersalyl inhibited the swelling induced by proline and serine to a greater extent (50-60%o) than that induced by other neutral amino acids (Table I) . N-Ethylmaleimide, also a sulfhydryl-modifying reagent, at concentrations up to 600 mm, failed to inhibit mitochondrial swelling, regardless of the amino acids used (Figs. 5 and 6 ; Table I ).
DISCUSSION
The experimental results presented here clearly indicate the involvement of a carrier protein in the transport of neutral amino acids into mung bean mitochondria. In isosmotic solutions, entrance of neutral amino acids into the mitochondria results in swelling of the organelles. The swelling is stereospecific and inhibitable by the nonpermeant sulihydryl-modifying reagents (12, 17, 21) , p-mercuribenzoate and mersalyl, and the inhibition is reversible by DTT. These characteristics are inconsistent with simple diffusion of the amino acids across the mitochondrial   FIG. 4 . Reversal of mersalyl inhibition of proline-and serine-induced mitochondrial swelling by DTT. Mung bean mitochondria were incubated in an isosmotic sucrose solution containing 200 AM mersalyl for 10 min and, subsequently, incubated for another 10 min with or without 1.5 mm DTT. After incubation, an aliquot of the mitochondria (I mg protein) was added to the swelling assay medium. The control was performed using mitochondria incubated for 20 min in the medium containing DTT but no mersalyl. Figure 5 . PMB, p-mercuribenzoate; NEM, N-ethylmaleimide.
membrane but demonstrate the involvement of carrier proteins. There is no apparent requirement of added high-energy compounds, ionophores, or ions for the transport, although the possibility of an energy requirement or a coupled transport has not been tested. The swelling technique, although having other merits, cannot be used to study this possibility as well as other properties of the carriers, especially under more physiological conditions. Swelling of the mitochondria induced by proline, serine, threonine, and glycine show most clearly stereospecificity (except glycine) and inhibitability. The swelling caused by these four amino acids is inhibited to a similar extent by p-mercuribenzoate and mersalyl. Swelling caused by alanine is not inhibited by p-mercuribenzoate, whereas that caused by methionine is not inhibited by mersalyl. This finding may indicate that alanine and methionine are transported by distinct carrier proteins different from each other and from those of other amino acids or that they bind to the same carrier protein in a different manner. Although a protein-mediated mechanism for neutral amino acid transport into the mitochondria is clearly indicated, it cannot be determined from the data presented here whether there is only one specific carrier protein involved in the transport of all the neutral amino acids or whether two or more specific carrier proteins are involved.
The characteristics of the neutral amino acid carrier in mung bean mitochondria are quite similar to those in rat liver mitochondria (3, 7, 13, 17) . Comparatively, the mung bean system is more sensitive to p-mercuribenzoate and mersalyl inhibition but exhibits a lesser degree of stereospecificity.
Since neutral amino acids are involved in numerous metabolic events in the mitochondria of plant cells, it is likely that the mitochondrial protein-mediated transport is widespread in diverse tissues and species. Using the swelling technique to study transport of neutral amino acids into the mitochondria isolated from corn coleoptile, cauliflower bud, and castor bean endosperm, data similar to those from mung bean hypocotyl have been obtained. The rate of transport of amino acids into the mitochondria mediated by the carrier could play a role in the regulation of the glycolate pathway in photorespiration and proline metabolism, both of which involve the entrance of neutral amino acids into mitochondria. 
